Abstract. Although comprehensive strategies in the treatment of colorectal cancer have been developed for a number of years, the five-year survival rate of metastatic colon cancer remains less than 10%. Oxaliplatin, a commonly used chemotherapeutic agent for metastatic colon cancer, improves the response rate of patients and prolongs patients' progression-free survival. However, the generation of resistance limits the clinical application of oxaliplatin, and the mechanisms of this remain unclear. The present study mainly investigated the effect of the gap junction (GJ) composed of connexin43 (Cx43) on oxaliplatin cytotoxicity in colon cancer cells. Three different methods with distinct mechanisms were used to change the function of Cx43 GJs, including cell culture at different densities, pretreatment with a specific inhibitor or enhancer, and special gene knockdown, to observe the cytotoxicity of oxaliplatin and the level of reactive oxygen species (ROS) mediated by Cx43 GJs. The results revealed that the cytotoxicity of oxaliplatin and the level of ROS were decreased with the downregulation of Cx43 GJ function, but exacerbated with the upregulation of Cx43 GJ function. Moreover, ROS scavenging with N-acetyl-L-cysteine and apocynin decreased the cytotoxicity of oxaliplatin. We concluded that the loss of GJ composed of Cx43 contributed to the resistance of oxaliplatin in colon cancer cells, and the mechanism was associated with intracellular ROS alternation.
Introduction
Colorectal cancer (CRC) is considered to be one of the most frequent causes of cancer-related morbidity and mortality worldwide (1, 2) . Although comprehensive strategies in the treatment of CRC have been developed for a number of years, the five-year survival rate of metastatic colon cancer is only 10% (3) . In the clinical treatment of metastatic colon cancer, oxaliplatin is commonly used as an essential chemotherapeutic agent, and not only improves the response rate of patients, but also prolongs patients' progression-free survival. Nevertheless, more than 40% of patients still develop significant resistance (3, 4) . Therefore, how to overcome resistance to oxaliplatin is a key scientific problem to be solved in the treatment of metastatic colon cancers.
Connexins are integral membrane proteins, six of which make up a hemi-channel. Two hemi-channels in neighboring cells dock together to form an integral gap junction (GJ). The GJ enables cells to exchange ions and small molecules (with a molecule weight less than 1 kDa) directly, including calcium, glutathione, cyclic adenosine monophosphate and cyclic guanosine monophosphate. Molecules transferred through the GJ are essential for numerous physiological and pathological events (5, 6) . The connexin gene family constitutes 21 isoforms, the most significant of which is Cx43 (6) . The loss of Cx43 is extremely common in the development of cancers and is even involved in advanced stages of tumor progression. The deficiency of Cx43 also contributes to the resistance of chemotherapeutic agents (7) . It has been reported that decreased levels of Cx43 GJ are associated with the resistance of temozolomide and cisplatin targeting glioblastoma or lung adenocarcinoma (8, 9) . Furthermore, Sirnes et al indicated that Cx43 may be a CRC tumor suppressor protein that predicts clinical outcome (7) . Thus, we supposed that the resistance of oxaliplatin to metastatic colon cancers might be involved in the alternation of Cx43 GJ function, and explored the mechanisms involved in this.
Reactive oxygen species are one of the significant elements that may be transferred between neighboring cells through the GJ (5). More significantly, Lin et al observed that ROS-related mechanisms increased oxaliplatin sensitivity in human colorectal cancers (10) . Thus, in the present study, we present the first evidence that ROS distribution mediated by Cx43 contributes to the resistance of oxaliplatin in the treatment of human CRC.
Collection (Manassas, VA, USA) and cultured in RPMI-1640 medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies) and 100 U/ml penicillin-streptomycin (Invitrogen Life Technologies) in a 5% CO 2 incubator with 90% humidity at 37˚C (Thermo Fisher Scientific, Waltham, MA, USA).
Colony-forming assay. Colony-forming assay was used to detect cytotoxicity dependent on GJ. At high cell density culture, cells were seeded at 100,000 cells/cm 2 . When cells were exposed to drugs, the cultures were 70 to 100% confluent and GJs were formed. At low cell density culture, cells were seeded at 10,000 cells/cm 2 . When cells were exposed to drugs, GJs were not formed. Cells were treated with oxaliplatin (0-125 µM, Sigma-Aldrich, St. Louis, MO, USA) for 24 h, and then washed with RPMI-1640 medium. Next, cells were harvested by trypsinization (Invitrogen Life Technologies), counted, diluted and seeded into six-well dishes at 100 cells/cm 2 . After 7 days, cells were stained with crystal violet (Sigma-Aldrich) and assessed. Colonies containing more than 50 cells were scored (11) .
Chemical treatment, lactate dehydrogenase (LDH) and ROS assay. COLO320 cells were pretreated with connexin mimetic peptide Gap26 at 300 µM for 1 h (Sigma-Aldrich) to inhibit Cx43 channel function, as well as retinoic acid (RA) at 10 µM for 24 h (Sigma-Aldrich) to enhance Cx43 channel function prior to the different assays. N-acetyl-L-cysteine (NAC; 5 mM, 24 h; Sigma-Aldrich) and apocynin (AP; 10 µM, 24 h; Sigma-Aldrich) were used to scavenge ROS. The corresponding solvent of these chemicals was dimethyl sulfoxide (DMSO; Sigma-Aldrich). Cell growth was determined via a colony-forming assay. LDH assays (Roche Diagnostics, Indianapolis, IN, USA) were carried out according to the manufacturer's instructions. Intracellular ROS production was estimated using 2,7-dichlorofluorescein diacetate (Sigma-Aldrich).
Cx43 knockdown with small interfering RNA (siRNA) transfection. Two specific siRNAs (GCT GGT TAC TGG TGA CAGA and CCG CAA TTA CAA CAA GCAA; siRNA1-Cx43 and siRNA2-Cx43) targeting the Cx43 gene were designed to decrease Cx43 expression. Nonspecific siRNA-Cx43 was used as a negative control (NC). The siRNA and NC were purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). Lipofectamine 2000 (Invitrogen Life Technologies) was used to transfect siRNA and NC into the cells according to the manufacturer's instructions (12) .
'Parachute' dye-coupling assay. The 'parachute' dye-coupling method was used to detect the GJ function. Donor cells were labeled with 5 µM CM-DiI (Invitrogen Life Technologies) and 5 µM calcein-acetoxymethyl ester (Invitrogen Life Technologies). CM-DiI did not spread to coupled cells, but calcein-acetoxymethyl ester was able to transform into the neighboring cells through the GJ. Donor cells were seeded onto the receiver cells at a 1:150 donor/receiver ratio to form the GJ. Four h later, GJ function was examined with a fluorescence microscope (Eclipse E800, Nikon Corporation, Tokyo, Japan). The average number of receiver cells containing dye per donor cell was counted and normalized to that of control cultures (13) .
Western blotting. Cells were washed three times with wash buffer [0.01 mol/l phosphate-buffered saline, 0.138 mol/l NaCl, 0.02% NaN 3 (pH 7.4)] and then incubated with lysis buffer for 2 h (Nanjing Keygen Biotech Co., Ltd., Nanjing, China) at 4˚C using 0.05 ml/cm 2 . The bicinchoninic acid method (Nanjing Keygen Biotech Co., Ltd.) was used to measure protein concentrations. Cell lysates (30 µg) were separated by SDS-PAGE on 10% Tris-glycine mini-gels (Invitrogen Life Technologies) and transferred onto polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). We used 5% non-fat dry milk (Sigma-Aldrich) to block the membranes at room temperature for 30 min. After that, the membranes were immunoblotted using anti-Cx43 antibody (1:4,000; mouse monoclonal Cx43 antibody raised against humans; cat. no. C8093; Sigma-Aldrich) overnight at 4˚C. After several washes, the membranes were incubated for 1 h at room temperature with anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibodies (1:4,000; goat polyclonal antibody raised against mouse IgG; cat. no. M6898; Sigma-Aldrich). Mouse monoclonal anti-β-actin antibody raised against humans (cat. no. A1978; Sigma-Aldrich) was immunoblotted (1:10,000) at 4˚C overnight. Anti-mouse HRP-conjugated secondary antibodies (goat polyclonal antibody raised against mouse IgG; cat. no. M6898; Sigma-Aldrich) was used at 1:10,000 for 1 h at room temperature. All protein bands were detected with an enhanced chemiluminescence system (KGP1125; Nanjing KeyGen Biotech. Co., Ltd.) and estimated using Alpha View software (version 2.2.14407; ProteinSimple, Santa Clara, CA, USA).
Statistical analysis. Statistical analysis was performed using SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). Multiple comparisons among groups were analyzed using one-way analysis of variance, followed by Tukey post hoc comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of oxaliplatin on cell survival, LDH release and intracellular ROS are all dependent on cell density.
In order to explore the effects of GJ function on oxaliplatin cytotoxicity, COLO320, a type of human colon cancer cell line, was cultured at low and high density. At low-density cell culture, the cells were not in contact with each other and no GJs were formed when exposed to different chemicals. However, at high-density cell culture, cells were confluent, which allowed significant formation of GJs. This method was therefore used to explore the function of the GJ. Fig. 1A and B reveal that when cells were in contact with one another at high-density cell culture, oxaliplatin cytotoxicity was substantially greater than at low-density cell culture. This manifested as lower clonogenic survival and a greater extent of LDH release in the high-density condition than in the low-density condition. These results indicated that oxaliplatin cytotoxicity was density-dependent, being more significant at high-density cell culture where GJs were formed. As previously reported, density-dependent cytotoxicity was always relative with 'death signals' transferred between the neighboring cells via GJs:
The most important 'death signals' was ROS (5). Thus, we determined the intercellular ROS of COLO320 at low-and high-density cell cultures when exposed to oxaliplatin. Fig. 1C reveals that intercellular ROS were increased more notably at high-density cell culture than at low-density cell culture, which suggests that ROS transfer mediated by GJ may play a significant part in oxaliplatin cytotoxicity.
GJs affect cell survival, LDH release and intracellular ROS of COLO320 cells exposed to oxaliplatin. Density-dependent cell cytotoxicity was always regulated by the GJs, and Cx43 contributed to the cytotoxicity of antitumor drugs. In order to explore the effects of Cx43 GJ on oxaliplatin cytotoxicity targeting colon cancer cells, we used different methods with distinct mechanisms to manipulate the function of GJs composed of Cx43. Fig. 2A shows that the survival fraction of COLO320 cells detected with colony-forming assay was decreased in different degrees when subjected to oxaliplatin; however, at high-density cell culture (where GJs formed), the cells were much more sensitive to this commonly used chemotherapy drug. Moreover, the cytotoxicity of oxaliplatin was attenuated subsequent to pretreatment with Gap26, a specific inhibitor of Cx43 GJ, but exacerbated following RA treatment. In contrast, at low-density cell culture (where GJs were not formed), the cytotoxicity of oxaliplatin demonstrated no significant difference when COLO320 cells were pretreated with Gap26 or RA. When cells were pretreated with oxaliplatin, LDH release and intracellular ROS of COLO320 cells increased significantly. At high-density cell culture, the levels of LDH release and intracellular ROS fluctuated as Cx43 GJ function changed, and this was modulated by Gap26 and RA. However, at low-density cell culture, the change in Cx43 GJ function had no influence on the levels of LDH release and intracellular ROS. DMSO, the vehicle control of Gap26 and RA, had no effect on the parameters (Fig. 2B and C) .
Cx43 gene knockdown attenuates COLO320 cell cytotoxicity of oxaliplatin. Figs. 1 and 2 illustrate that alternation of Cx43 GJ function affected the cytotoxicity of oxaliplatin in COLO320 cells. In order to confirm this result, we designed two different Cx43 siRNAs (siRNA1-Cx43 and siRNA2-Cx43) to knock down the expression of Cx43 specifically (Fig. 3A) . As the expression of Cx43 was decreased, Cx43 GJ function was also notably decreased (Fig. 3B) . Cx43 knockdown did not influence COLO320 survival fraction, LDH release and intracellular ROS per se, but Cx43 knockdown attenuated the cytotoxicity induced by oxaliplatin on COLO320, and increased the levels of oxaliplatin-induced LDH release and intracellular ROS, all of which indicated that Cx43 GJ function played a significant part in the cytotoxicity of oxaliplatin (Fig. 3C to E) .
The antioxidants NAC and AP attenuate COLO320 cell cytotoxicity of oxaliplatin. It has been reported that the level of intracellular ROS affects the cytotoxicity of oxaliplatin (10). Our results (Figs. 1C, 2C and 3E ) also revealed that Cx43 GJ function alternation changed the level of oxaliplatin-induced intracellular ROS. Thus, we supposed that modulation of the level of intracellular ROS by Cx43 GJ might contribute to the cytotoxicity of oxaliplatin. Fig. 4A demonstrates that two antioxidants, NAC and AP, effectively attenuated intracellular ROS increase induced by oxaliplatin. Moreover, pretreatment of NAC and AP increased the survival fraction of COLO320 cells, but decreased LDH release when exposed to oxaliplatin. Both of the above indicate that inhibition of intracellular ROS decreased the cytotoxicity of oxaliplatin (Fig. 4B and C) . 
Discussion
The present study investigated the effect of Cx43 GJ on the cytotoxicity of oxaliplatin in colon cancer cells, as well as the mechanisms of its involvement in intracellular ROS alternation. We demonstrated that oxaliplatin worked in a cell density-dependent manner. At high-density cell culture (where GJs were formed), the cytotoxicity of oxaliplatin was attenuated subsequent to a decrease in Cx43 GJ function with the specific inhibitor of Cx43 GJ, Gap26, but exacerbated as Cx43 GJ function increased with the enhancer, RA. However, Gap26 and RA had no effect at low-density cell culture (where no GJs were formed). In conclusion, Cx43 plays a significant role in the cytotoxicity of oxaliplatin in COLO320, a colon cancer cell line. Significantly, we noted that intracellular ROS induced by oxaliplatin was also modulated by Cx43 GJs: when Cx43 GJ function was enhanced, intracellular ROS induced by oxaliplatin were increased; in contrast, intracellular ROS were decreased as Cx43 GJ function was attenuated. These results indicated that intracellular ROS alternation modulated by Cx43 GJs might contribute to the cytotoxicity of oxaliplatin in colon cancer cells.
CRC remains one of the leading causes of cancer-related mortality worldwide (14) . Although therapeutic strategies have been improved in recent years, the five-year survival rate remains less than 10% for metastatic colon cancer (3). Oxaliplatin is one of the most commonly used chemotherapy drugs in colon cancer therapies. It is a third-generation platinum-based anti-neoplastic agent commonly used in the treatment of CRC (15, 16) . Oxaliplatin application in the clinic has brought about notable improvements in the response rate and progression-free survival in advanced colon cancer, but ~40% of patients still develop resistance (3, 17) . Resistance generation limits oxaliplatin application in the course of clinical treatment. Thus, it is of vital clinical significance to investigate the resistance of chemotherapy drugs.
It has been reported that loss of GJs in the development of cancers contributes to the generation of resistance to chemotherapy drugs (18) (19) (20) . Enhancement of GJ function increases the cytotoxicity of chemotherapy drugs (21) . Conversely, inhibition of GJ function decreases the cytotoxicity of chemotherapy drugs (22, 23) . However, the mechanisms of these processes remain unclear. GJ mediates the direct transfer of small molecules or electrical charge between neighboring cells, generating various effects on the different physiological and pathological issues processes. The most significant of the transferred molecular signals is called the 'death signal', which results in the amplification of cytotoxicity or apoptosis (11, 24) . Chemotherapy drugs attack the cancer cells and result in cell death directly, and the attacked cells generate various types of toxic products, called death signals. The GJ is the main channel of death signals transferred between the neighboring cells. Death signals not only attack the neighboring cells directly, but also activate various signal pathways, resulting indirectly in cytotoxicity or apoptosis (11, 25) . In summary, the effects of chemotherapy drugs are amplified by the transfer of death signals between the neighboring cells through the GJ, which is called the 'bystander effect' (26, 27) . The present study also supports this hypothesis, as the cytotoxicity of oxaliplatin was attenuated subsequent to Cx43 GJ function decrease with the specific inhibitor of Cx43 GJ, Gap26, but exacerbated as Cx43 GJ function increased with the enhancer, RA.
Thus far, the intrinsic quality of death signals has not been identified. Although the possibility of the involvement of calcium or other cell metabolites has been discussed for a number of years, direct proof is still lacking. We observed that ROS not only enhanced oxaliplatin sensitivity to CRC, but also contributed to epithelial-mesenchymal transition and cancer metastasis, which indicated that ROS may play an essential role in the development of cancers (10). Luo et al reported that GJs composed of Cx32 regulated the distribution of ROS (5) . Therefore, we considered that ROS distribution modulated by GJs might contribute to the cytotoxicity of oxaliplatin. This hypothesis was supported by our finding that GJ function inhibition decreased the level of ROS and the cytotoxicity of oxaliplatin. Our results also indicated that ROS may be significant death signals.
As reported in previous studies, downregulation of Cx43 by siRNA resulted in a more aggressive growth of breast cancer cells, and Cx43 knockout mice were susceptible to chemicals inducing lung adenomas (22, 23) . In contrast, enhancement of Cx43 expression promoted cancer cell restoration and differentiation in various types of tissue (27) . Hence, it may be noted that Cx43 is one of the most significant tumor suppressors, and is associated with malignant behaviors of cancers. Our study demonstrates for the first time that GJs composed of Cx43 affect the cytotoxicity of oxaliplatin by modulating the levels of ROS in colon cancer cells. Moreover, Cx43 GJ function enhancement amplified the oxaliplatin cytotoxicity of colon cancer cells. This not only explains the possible mechanisms of resistance generation from another aspect, but also provides a potential target in colon cancer prevention and therapy.
